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Understanding the complex chemistry of Titan’s atmosphere is a key objective of
the Cassini mission and especially of the Huygens probe. Another fundamental
ohjective is to determine the atmosphere’s origin. This paper discusses the present
state of our knowledge on these questions. The objectives may be reached by an
interdisciplinary approach that takes advantage of the synergism possible bet-
ween the various instruments aboard the Orbiter and Probe. The theoretical
studies required for analysing the data are described.

The set of instruments aboard the Huygens Probe and the Cassini Orbiter offers a
unique opportunity for an in-depth investigation of two fundamental mission object-
ives: understanding the complex photochemistry occurring in Titan’s atmosphere;
understanding the origin of that atmosphere and, possibly, inferring the composition
of Saturn’s subnebula in the region where Titan formed.

The surprising complexity of Titan’s atmospheric composition, initially revealed by
Voyager’s infrared observations, is described in a number of review papers (see, for
instance, Lunine et al., 1989; Gautier, 1992; Gautier & Raulin, 1997). The hydro-
carbons and nitriles detected in the stratosphere result from the dissociation of the two
major components, nitrogen and methane, a process that presumably began soon after
Titan’s formation some 4500 million years ago. Oxygen-bearing compounds are
represented by CO and CO,. The formation of CO, requires the combination of CO
and OH; this last species is believed to originate from the dissociation of H,O in in-
falling debris. The origin of CO is more uncertain: it may also come from oxygen-
bearing meteoritical material (Samuelson et al., 1983) or evaporate from a hypothetical
ocean of liquid hydrocarbons (Dubouloz et al., 1989).

The main difficulty is understanding the processes leading to the formation of the
detected species and then evaluating, if possible, what level of complexity Titan’s
chemistry may reach. This question is obviously fundamental to our consideration of
exobiology (Raulin, 1997).

The vertical and horizontal distributions of nitriles and hydrocarbons in the strato-
sphere are far from uniform. Millimetric ground-based observations reveal that the
HCN mixing ratio averaged over the disc increases with altitude (Tanguy et al., 1990).
That is also the case for HC;N (Bézard et al., 1992) and CH;CN (Bézard et al.,
1993). Previous Voyager observations provided vertical distributions of several species,
but only at the North Pole (Coustenis et al., 1991). At this latitude, the mixing ratios
of HCN, HC;N, C,H,, C3H,, C,H, and, possibly, C,Hy increase with altitude but
there is no evidence that these distributions are the same everywhere on the disc. In
fact, except for CO, and C,Hg, which remain fairly constant (within error bars) from
pole to pole, the abundances of most constituents vary with latitude. This is especially
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true for HCN, which shows a steady increase from south to north by as much as a
factor of 30 (Coustenis & Bézard, 1995).

The case of CO is controversial. This species has been detected in Titan’s near-IR
spectrum by Lutz et al. (1983). Their measurements provide information on the
tropospheric CO abundance but, as CO is a very stable molecule, its mixing ratio was
expected to be constant (~6 X 107) with height up to large altitudes. Searches for the
(1-0) rotation line of this species at 115 GHz (2.6 mm) by Marten et al. (1988) with the
30 m Institut de Radio Astronomie Millimétrique (IRAM) radio telescope suggested
that the stratospheric abundance probed by mm observations should be lower than the
tropospheric values by at least a factor of 30. However, Gurwell & Muhleman (1995)
have recently reported new microwave heterodyne observations of the (1-0) rotational
transition from the stratosphere made in October 1994 with the Owens Valley Radio
Observatory Millimeter Array. Their conclusion is a CO mixing ratio of (5 +1) X 107
constant with height over 60-200 km, consistent with the near-IR observations of Lutz
et al. (1983). CO then would be well mixed from the surface to at least 200 km in
Titan’s atmosphere. ‘

This is confirmed by Hidayat et al. (1997) from IRAM and JCMT sub-mm
measurements. They, however, conclude a mixing ratio of 2.5 X 10 below 200 km.
They also suggest that CO decreases with altitude above 200 km. On the other hand,
Noll et al. (1996) derived from IR measurements at 5 um a CO mixing ratio of
1745107 in the lower atmosphere. The case of CO thus remains controversial.

No model presently provides a quantitative interpretation of these observations.
Yung et al. (1984) have developed a comprehensive 1-D photochemical model of Titan’s
atmosphere, incorporating a large number of reactions. However, their model was
unable to reproduce even the mean abundances of the species detected by Voyager in
the equatorial region (Coustenis et al., 1989a). The failure stems largely from an
incorrect eddy diffusion coefficient profile. Indeed, they had no information available
on the vertical distributions of nitriles or hydrocarbons that could have allowed them
to constrain the eddy diffusion coefficient, Kzz, as a function of the altitude. More-
over, the atmospheric scattering of solar photons was not considered and the effect of
aerosols was described by an approximate transmission factor.

In order to improve the interpretation of the presently available data and to prepare
for the analysis of the Cassini-Huygens observations, the following strategy has been
proposed, as described in the Interdisciplinary Science proposal of the author, and is
now under way.

e First, a new 1-D photochemical model has been elaborated at the University of
Bordeaux (Toublanc et al., 1995). Kzz was adjusted to fit the vertical distribution of
HCN inferred by Tanguy et al. (1990) from mm observations. The transfer of solar
photons is described by using a Monte Carlo code designed to model the Rayleigh and
Mie scattering. A number of reactions rates have been updated and the model includes
62 species involved in 249 reactions.

Toublanc et al. (1995) obtain a good fit of C,H,, C,Hg and C;Hg mixing ratios
(Figs. 1 and 2) measured in the equatorial region by Voyager’s IR imaging spectrometer
(IRIS) (Coustenis et al., 1989a) as well as an acceptable fit of the CH, abundance
(Fig. 1) observed by Voyager’s UV spectrometer (UVS) (Smith et al., 1982). However,
the model does not fit the C,H,, C;H, and C,N, observations; the CO, abundance is
obtained only when CO mixing ratios consistent with IR observations, namely a
few X 10, are assumed. Note that the altitudes probed vertically by IRIS are at about
130 km for C,H, and C,Hg, 125 km for C,H,, 110 km for C4H,, CO, and HCN, and
105 km for C;Hg and C;H4 (Coustenis et al., 1989a). In other words, there is no
constraint on the stratospheric vertical distributions of these species in the equatorial
region.
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The interpretation of the vertical distributions observed at the North Pole requires
a 3-D seasonal model taking into account the atmospheric circulation.

® Second, a General Circulation Model (GCM) has been simultaneously develop-
ed at the Laboratoire de Metéorologie Dynamique (LMD) in Paris (Hourdin et al.,
1995). The zonally averaged temperatures patterns shown in Fig. 3 have been
calculated at Northern Spring Equinox (lower part of the figure), which occurred a few
months before Voyager I's encounter in November 1980, and at Northern Winter
Solstice (upper part, 2 yr before Huygens’ descent). The zonally averaged zonal winds
calculated for the same epochs are plotted in Fig. 4. Hourdin et al. (1995) show that
their model fits the high altitude winds pattern inferred from the thermal field
measured by Voyager 1 and from measurements of Titan’s 28 Sgr occultation in July
1989, 1.5 yr after the Northern Summer Solstice. In particular, the models produce a
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Fig. 1. Altitude profiles calculated from the
photochemical model of Toublanc et al. (1995)
for the mole fractions of Hy, CHy, C,H;,
C;H,4 and C;Hg. Catalytic schemes 1 and 2
refer to two different methods for the
photocatalysed dissociation of CHy4 rather than
direct photolysis at high altitude, as discussed
by Yung et al. (1984) and Toublanc et al.
(1995). Uncertainty boxes are Voyager
observations in Titan’s equatorial region
(Coustenis et al., 1989a). From Toublanc et al.
(1995).

Fig. 2. As Fig. 1, but for the mole fractions of
C3H6, C4H2, C3H8, CH3C2H, C6H2 and
CgH,. From Toublanc et al. (1995).
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Fig. 3.(left) Zonally averaged temperature (K)
calculated from the General Circulation Model
of Hourdin et al. (1995), at the Northern
Winter Solstice (upper panel) and Northern
Spring Equinox (lower panel). At the Northern
Winter Solstice, the solar longitude is 270°; at
the Northern Spring Equinox, it is 0°. From
Hourdin et al. (1995).

Fig. 4.(right) As Fig. 3, but for zonally

averaged zonal wind (m/s). From Hourdin et
al. (1995).

3. Photochemistry
Measurements
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strong superrotation of the upper atmosphere, with prograde equatorial wind velocities
increasing from the surface to reach 100 m/s near the | mbar pressure level.

On the other hand, the model fails to reproduce the amplitude of the north-south
temperature contrast. It might be that the radiative opacity, especially that due to
aerosols, is incorrectly modelled. Although there is intensive theoretical study of
aerosols (Cabane et al., 1993, 1997; Tomasko et al., 1997), the observational con-
straints, essentially derived from Voyager’s remote observations, are pootr. The haze
IR opacity substantially contributes to the atmospheric heating and cooling (Bézard et
al., 1995), but we ignore the nature, size distribution and spatial distribution of the
aerosols, as well as their temporal variations. However, there is evidence for seasonal
albedo variations (Lockwood et al., 1986) and for north-south brightness assymetry
(Sromovsky et al., 1981) varying with time (Caldwell et al., 1992).

Both photochemical and general circulation models need to be improved (a new
photochemical model was published by Lara et al., 1996). Once that is accomplished,
the strategy’s third step is to couple the two models and construct a 3-D model of
Titan’s aeronomy. Only such a model will permit us to properly analyse the expected
Cassini observations.

The suite of instruments aboard Huygens and the Orbiter has been designed to provide
the data needed to understand the photochemistry of Titan, or at least to constrain a
3-D aeronomy model. Huygens’ Gas Chromatograph Mass Spectrometer (GCMS) will
provide the atmospheric composition at several levels in the troposphere and the strato-
sphere (see instrument descriptions in this volume). A complementary information set
on the vertical distribution of CH, will come from Descent Imager/Spectral Radio-
meter (DISR) measurement. The Aerosol Collector & Pyrolyser (ACP), a crucial
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experiment for Titan’s organic chemistry, will determine the chemical composition and
the column abundances of aerosols, while their size, shape and vertical distributions
will be obtained from DISR.

The Composite IR Spectrometer (CIRS), UV Imaging Spectrograph (UVIS) and the
Radio Science Experiment will nicely complement the in situ measurements by provid-
ing the variations of composition, temperatures and aerosol optical properties across
Titan’s disc. The temperature profile will be retrieved from CIRS data by inversion of
the far-IR spectral measurements on a large part of the disc but with a limited vertical
resolution, except when horizontal viewing is possible. The radio occultation experi-
ment will provide the thermal profile at only a few places on the disc, but with very
high vertical resolution. The temperature profile inferred from CIRS at Huygens’
descent location will be calibrated from Huygens Atmospheric Structure Instrument
(HASI) measurements, and the radio occultation profiles subsequently compared with
those of CIRS.

Once the temperature is known, vertical distributions of many stratospheric compon-
ents can be retrieved from CIRS. This instrument will provide much more information
than Voyager’s IRIS owing to its better spectral resolution and to the fact that a large
number of horizontal viewing observations is planned, compared to only one with
IRIS. In addition, while IRIS had only one detector for the whole measured spectral
range, CIRS has, in addition to the far-IR detectors, two mid-IR detector arrays that
will greatly improve the vertical resolution of the retrieved temperature and mixing
ratios profiles.

UVIS will measure the absorption due to the most important hydrocarbons and
nitriles at high altitudes, and, through solar and stellar occultations, the vertical dist-
ributions of the species. The Visual and Infrared Mapping Spectrometer (VIMS) will
monitor CH, in the troposphere.

Finally, the optical properties of aerosols and their variations with latitude will be
observed by Cassini’s Imaging Science Subsystems (ISS) and VIMS. CIRS is expected
to detect ices exhibiting IR signatures, in addition to providing information on the
spectral variation of aerosol opacity.

The puzzle of the composition of Titan’s atmosphere is that the carbon is mainly in
the form of CH, and the nitrogen as N,, while thermochemical models (Lewis &
Prinn, 1980) predict they should be in the form of CH, and NHj, as in the giant
planets, or CO (or CO,) and N,, as with the telluric planets.

Two scenarios of the formation of Titan’s atmosphere are envisaged:

o the atmosphere might result from cometary impacts (Jones & Lewis, 1987,
McKay et al., 1988; Zahnle, 1992). In such a case, its composition should reflect
that of comets. We will show below that this hypothesis is not consistent with
the deuterium abundance observed on Titan compared to that of Comet Halley.

e in a more conventional scenario, the atmosphere is formed by outgassing from
the satellite’s interior (Owen, 1982; Lunine et al., 1989). The problem then is
the form of the carbon and nitrogen in the ices that constituted Titan’s core 4500
million years ago.

The two scenarios can be combined. For instance, Owen & Bar-Nun (1995) advocate
that contributions from both impacting comets and gases trapped in the ices accreted
by the satellite must be present in the atmosphere. In this case, the respective contri-
butions must be in a ratio that leads to a D/H ratio consistent with observations. In
other words, the cometary component must be minor.

4. The Origin of Titan’s
Atmosphere
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5. Constraints

Thermochemical models of the nebula (Lewis & Prinn, 1980; Prinn & Fegley, 1989)
show that, in the region of Saturn, C was mainly in the form of CO and N mainly in
the form of N,. A part of CO was also converted to heavy organics or amorphous
phases but, according to Lunine (1989), probably no more than 10%. Trapped in the
ices that formed Titan, N, could be the source of the present nitrogen atmosphere, but
this scenario does not explain the large present abundance of CH, and the low
CO/CH, mixing ratio.

Prinn & Fegley (1981) advocate that a subnebula was formed around Saturn as a
result of the planet’s initial high luminosity. Accordingly, local temperature and
pressure conditions led to a conversion of CO and N, into CH, and NH,, respective-
ly. Note that the conversion of N, into NH; requires a very dense subnebula, which
may not be realistic. Trapped in ices or in the form of clathrates, these last constituents
were present in Titan’s interior, as suggested by Owen (1982) and detailed in the models
of Lunine & Stevenson (1987) and Grasset & Sotin (1996), and formed by outgassing
the primitive atmosphere. As proposed a long time ago by Atreya (1978), NH; was
subsequently photolysed into N,. The high abundance of CH, and the very low
abundance of CO are then well explained.

It is frequently mentioned in the literature that precisely determining the deuterium
and argon abundances would allow us to discriminate between the various scenarios.
However, the problem is complex and deserves some clarification, as discussed below.

The main reservoir of deuterium in Titan’s atmosphere is methane. Measuring the
CH;D/CH, ratio thus directly provides the D/H ratio now. Until recently, the D/H
determinations were highly uncertain: de Bergh et al. (1986) obtained (16.5>7) x 10~
from near-IR observations, while Coustenis et al. (1989b) deduced (lS.Of;S‘O) x 107
from Voyager IR data. More recently, Orton (1992) derived a more precise value from
high spectral measurements at 8 um — presumably because the direct comparison of
CH;D and CH, lines permits a substantial improvement of the accuracy of the
CH,D/CH, ratio: D/H = (775+2.25)x 107

Moreover, some enrichment in the D/H ratio, mainly due to the photodissociation
of methane, must have occurred during Titan’s history. Pinto et al. (1986) estimated
the fractionation factor to be 1.7-2.2, a result confirmed by Lunine & Tittemore (1993).
The low value of Orton when combined with the fractionation effect then leads to a
deuterium abundance quite close to the protosolar value of (2.6+1) x107° (Geiss,
1993) and to the revised value of (3 £0.2) X 107 (Gautier & Morel, 1997). This result,
if confirmed, suggests that Titan’s deuterium enrichment is lower than in terrestrial
ocean water as well as in meteorites, Uranus and Neptune (Lécluse et al., 1996). In
any case, all D/H values measured in Titan are much lower than the recent D/H
reevaluations in Comet Halley by Balsiger et al. (1995) and Eberhardt et al. (1995),
who conclude it is about 31 X107 These last results imply that Titan’s atmosphere did
not originate mainly from cometary volatiles. Halley does not seem atypical, as similar
results have been obtained in Comet Hyakutake (Bockelee-Morvan et al., 1997) and
in Comet Hale-Bopp (Meier et al., 1997).

We believe that Titan’s low deuterium enrichment in atmospheric methane is quite
consistent with the composition model of Saturn’s subnebula advocated by Prinn &
Fegley (1981). The scenario for the D-enrichment is as follows:

e CH, and NHj; in Saturn’s subnebula initially contain only the deuterium present
in the nebula’s hydrogen as they are recently converted from CO and N,. Once
formed, they exchange some deuterium with HD and, as soon as the subnebula
cools, they are enriched in comparison with HD (the protosolar value). H,O
coming from the nebula is not converted but may reequilibrate with HD at high
temperatures in the subnebula close to Saturn. If this is the case, it will be
enriched again in deuterium when the subnebula cools or when it moves out-
wards to the subnebula’s cold regions.
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® in this process, CH, does not equilibrate efficiently with HD at low temperat-
ures for two reasons: (i) the isotopic exchange rate between CH3;D and HD is
slower than that between H,O and HD (Lécluse et al., 1996); (ii) the lifetime
of the subnebula is much shorter than the nebula’s, because its birth follows
Saturn’s formation (Stevenson et al., 1986). The combination of (i) and (ii)
results in a lower D-enrichment in methane than, for instance, in water in the
nebula. Therefore, we expect methane’s D/H to be lower than in H,O in
meteorites or in water ices that presumably formed most of the cores of Uranus
and Neptune.

e subsequently, water, ammonia and methane are trapped in Titan’s core (Lunine
& Stevenson, 1987; Grasset, 1994; Grasset & Sotin, 1996), although the
satellite’s relatively low density suggests that water might be somewhat deficient
(Stevenson, 1985; Lunine, 1989). The primitive atmosphere is then formed by
outgassing these volatiles from the interior. NH3 is converted into N, as
previously mentioned and H,O condenses; CH, then becomes the main
deuterium reservoir in Titan’s atmosphere. Assuming a subnebula D-enrichment
in methane of 1.4 times the protosolar value (Lunine & Tittemore, 1993), and
a subsequent photochemical enrichment by a factor of 2.2, the D/H ratio in
methane now is 8 x107°, in remarkable agreement with Orton’s value of
775 %1077,

This scenario assumes the validity of the thermochemical model of Prinn & Fegley
(1981), which is based on a questionable model of Saturn’s subnebula. However,
although the temperature-density conditions are different, it is encouraging to observe
that the conversion of CO and N, in CH, and NHj;, respectively, occurs, as predicted
by the theory, in the tropospheres of Jupiter, Saturn and Uranus. The unexpected
detection of CO and HCN in Neptune's upper troposphere (Marten et al., 1993) could
suggest a failure of the model, but Lodders & Fegley (1994) have proposed an attractive
explanation for the presence of CO. HCN could be formed from the dissociation by
cosmic rays of N, coming from the planet’s interior; in that case, the N, abundance
would be much higher than predicted by the thermochemical calculations. However,
HCN may also be produced by nitrogen atoms escaping from Triton and thus its
observed abundance does not necessarily require an internal origin for all nitrogen
(Lellouch et al., 1994). At present there is only a presumption, based mainly on the
interpretation of Neptune’s cm spectrum (Gautier et al., 1995), for the level of N, in
Neptune’s upper troposphere being higher than predicted by thermochemical models.

We can conclude from this exercise that a precise determination of the D/H ratio
in Titan’s atmosphere by Huygens should provide firm constraints on the chemical
composition of Saturn’s subnebula. A low D/H ratio would confirm the scenario of
Prinn & Fegley (1981). A high value, say of the order of that in Uranus and Neptune,
would imply a nebula origin for the ices that formed Titan. A value compatible with
the 300 ppm derived for Comet Halley (Balsiger et al., 1994; Eberhardt et al., 1995)
— inconsistent with the current data for both Titan and the giant planets — would
imply that the atmosphere was formed from cometary impacts.

It is desirable to model the spatio-temporal evolution of methane’s deuterium
enrichment in Saturn’s subnebula. Measurements of the coefficient of isotopic ex-
change betwen CH;D and HD were recently made for the first time in the laboratory
(Lécluse et al., 1995). These data, together with improved models of Saturn’s
subnebula, will permit a more precise calculation of the kinetics of the isotopic
exchange between methane and hydrogen in the subnebula as a function of time and
of the distance to Saturn. This work, undertaken by the author in collaboration with
Francois Robert (Museum d’Histoire Naturelle, Paris) and Berangere Dubrulle (CEA,
Saclay), is in progress.
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6. Titan’s Argon
Abundance

7. Atmospheric Origin
Measurements

8. Final Remarks

The history of the successive estimates of Titan’s argon abundance illustrates the diffi-
culty in remotely detecting noble gases. The hypothesis of there being a substantial
amount of argon in Titan’s atmosphere originates from an erroneous estimate of the
lower limit of the mean molecular weight by Samuelson et al. (1981), who advocated
that the atmosphere is fairly transparent at 540 cm”, thus permitting a kind of
calibration of the brightness temperature at this frequency by comparison with the
surface temperature derived from radio occultation measurements. A molecular weight
higher than 28 implies a gaseous constituent heavier than nitrogen. Argon is the most
likely candidate as it would not condense under Titan’s atmospheric conditions.
However, as pointed out by Owen (1982}, only a tiny amount of “OAr, which comes
from the disintegration of “°K, can be present in the atmosphere. The assumption that
atmospheric argon is substantially abundant implies that it is in the form of primordial
isotopes *®Ar and *Ar, initially present in the solar nebula or in Saturn’s subnebula,
and trapped in ices. Subsequently, Toon et al. (1988) advocated that the atmosphere
is not transparent at 540 cm™. Lellouch et al. (1989) reanalysed the comparison of the
radio occultation data with the IRIS measurements and concluded that only an upper
limit of 21% for the argon mole fraction could be inferred. Subsequently, Strobel et
al. (1992) derived an upper limit of 14%, which was then revised down to 10% at 3¢
(Strobel et al., 1993). More recently, Courtin et al. (1995) modelled Titan’s far-IR
spectrum over 200-600 cm™, including the fine structure of the H,-H,, H,-CH, and
H,-Ar dimers around 355 cm™ and 585 cm™. The comparison with Voyager data
leads these authors to infer an upper limit of 6% at 3¢ for the Ar mole fraction.

This low argon abundance does not conflict with the scenario mentioned above for
Titan’s formation. Lunine et al. (1989) show that it would be consistent with the
derivation of N, from NH;. Unfortunately, the test might not be decisive, as Owen
and Bar-Nun (1995) recently pointed out the difficulty of incorporating Ar in ices at
temperatures expected in Saturn’s subnebula. As a consequence, a CO-N; subnebula
would not lead to a high argon abundance either. These authors predict that Titan’s Ar
mole fraction will not exceed 1%. However, the measurement of the SAr/*Ar ratio
should constrain the formation models. A substantial abundance of *’Ar would imply
strong tectonic activity on Titan.

The key instrument is definitely Huygens’ mass spectrometer, which will provide the
abundances of deuterium and argon’s isotopes. However, the importance of these deter-
minations makes complementary or redundant information necessary. This will come
from the determination by CIRS of the CH;D/CH, ratio at 8 pm. The highest spectral
resolution of CIRS compared to that of Voyager’s IRIS will also provide a better
analysis of the H, dimer features and then permit detection of the H,-Ar Van der
Waals molecule or an upper limit on argon’s abundance. A substantial amount of argon
would affect the mean molecular weight, which can be derived by two different
methods. One was used for Voyager, namely combining radio occultation profiles and
IR spectra. The second approach is to derive the molecular weight, through the
equation of state, from temperature and pressure measured by HASI.

The payload aboard Huygens and the Orbiter has been carefully designed to obtain
answers to fundamental questions concerning the aeronomy and origin of Titan’s
atmosphere. We have shown in this paper that the prospect of these results has initiated
or stimulated a number of observational and theoretical works that enhance the
mission’s value even further. Expected spectroscopic observations of Titan from ESA’s
Infrared Space Observatory are highly promising. We hope to detect new species in
the atmosphere or improve our knowledge of their vertical distributions. The Hubble
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Space Telescope will help us to constrain aerosol models. Considerable theoretical
work must be done in poorly known domains, such as the physico-chemistry of
Saturn’s subnebula and the formation and the evolution of Titan’s core.
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